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1 Introduction

Central America is one of the regions most exposed to climate change (Giorgi 2006). A narrow
isthmus between the Pacific Ocean and the Caribbean Sea, it is strongly affected by droughts,
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hurricanes and the El Niño-southern oscillation (ENSO) phenomena (CEPAL 2011). As a
result, three countries in the region rank in the top 10 of the Global Climate Risk Index (Kreft
and Eckstien 2013) based on the impacts of extreme weather events between 1993 and 2012.

Much of the regional economy is based on agriculture. In Guatemala, Honduras and
Nicaragua, more than two thirds of the population depends on agriculture. This agricultural
base is often intimately tied to ecosystems, especially in diverse farming systems of small-
holders. But it is increasingly threatened by climate variability and change (Bouroncle et al.
2016; Baca et al. 2014), which are inducing changes in areas suitable for crops and leading to
high yield variability. Storms, floods and droughts have had the greatest impacts on agriculture
in Central America over the last century (Guha-Sapir et al. 2014).

This special issue addresses the adaptation challenges facing smallholders, ecosystems and
ecosystem services in the region. In this introduction, we review the literature on regional
climate and its drivers, climate change projections, impacts on agriculture and ecosystems, and
information management for adaptation in the region. Short descriptions of the special issue
contributions are provided throughout the text.

2 Weather and climate in Central America

The topography of Central America is a complex of coasts, plains and high mountains that
determine its climate (Taylor and Alfaro 2005). The main topographic feature of the region is
the Central American Cordillera on the Pacific coast with plains running to the Atlantic. Precip-
itation in the region is seasonal, controlled by the Inter-Tropical Convergence Zone (ITCZ) and the
North Atlantic trade winds interacting with the Cordillera (Nieuwolt 1977). A dry arc, the corredor
seco, starts in the north of Costa Rica and extends into Nicaragua, Honduras and Guatemala on the
Pacific side and also includes a portion of the central Pacific coast of Panama (known as arco seco).

The region has a wet season from June to September which is punctuated by a short dry
spell, or canicula, and an extended dry season between November and May. On the Caribbean
coasts of Honduras, Nicaragua, Costa Rica and Panama, rainfall occurs throughout the year,
especially from October to December and, to a lesser extent, between January and April
(Magaña et al. 1999). Inter-annual variability is high for both the Caribbean and Pacific
watersheds with near decadal cycles of extreme precipitation (Hastenrath and Polzin 2013).

Over most of Central America the bimodal rainfall distribution determines the onset of the rainy
season and the length and dryness of the canicula (dry period), which sets the agricultural calendar.
The historical record indicates that when the sea surface temperature (SST) of the tropical Atlantic
is warmer than usual, early-season rainfall is above average over much of Central America, while
when SST is cooler the early-season rainfall is below average (Alfaro 2007a). Moreover, when the
SST of the Pacific is warmer than usual and the Atlantic cooler than usual, late-season rainfall on
the Pacific slopes of the Central America Cordillera is below average, and the reverse is also true.

3 What drives weather and climate in Central America?

The dominant large-scale influence on weather and climate in Central America is the subtrop-
ical high of the north Atlantic, a semi-permanent system over North America (Taylor and
Alfaro 2005; Amador et al. 2006). During winter (December–March), it spreads over North
America and the cold ocean, causing the dry northeast trade winds that bring little moisture to
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Central America. As the year progresses, the high moves offshore, the oceans warm and the
winds weaken, bringing more moisture to the region. Other drivers are (a) the migration of the
ITCZ, which affects the Pacific side of southern Central America (Hidalgo et al. 2015); (b)
intrusions of polar fronts, which modify the dry winter and early summer climates of the
northern part of the region (Zárate-Hernández 2013); and (c) westward-moving tropical
disturbances in the summer, which can bring torrential rain (Serra et al. 2010).

An annual cycle, driven by the latitudinal migration of the ITCZ, the seasonal variation of
solar radiation, and the interaction of low-altitude winds with local orography, accounts for
72% of the variance in regional precipitation (Alfaro 2002). The inter-annual and decadal
variability in Central American precipitation is related to the surface temperatures of the
tropical Atlantic and Pacific oceans (Steinhoff et al. 2015). The wettest years occur when
the surface temperature of the tropical Atlantic is warmer and the eastern tropical Pacific is
cooler than usual (the ENSO phenomenon), and the driest tend to be observed when the
tropical Atlantic is cooler and the tropical Pacific is warmer (Steinhoff et al. 2015). Improved
ENSO indices (such as the normalized difference between Niño3.4 and Tropical North
Atlantic indexes, Hidalgo et al. 2016) are highly correlated with precipitation in most of
Central America, suggesting that the difference in SST between the Pacific and the Caribbean/
Atlantic might be used to forecast precipitation in the region.

Hurricanes, especially between June and November, are common in the northern Caribbean
and the Gulf of Mexico. An average of eight hurricanes occur each year, but the frequency
increases when the tropical North Atlantic is warm, and decreases during the ENSO warm
phase (El Niño) (Alfaro 2007b).

4 Trends and projected impacts of climate change

The Central American climate generally warmed during 1950–2000 (Malhi and Wright 2004)
with increasing incidence of extreme warm maxima and minima and decreased extreme low
temperatures (Aguilar et al. 2005). Trends in precipitation vary between studies (Malhi and
Wright 2004; Aguilar et al. 2005; Neelin et al. 2006) due to high variability in precipitation
across the region (Aguilar et al. 2005; Hastenrath and Polzin 2013). In this issue, Hidalgo et al.
(2016) used temperature data from stations and gridded datasets to generate a high-resolution
dataset for Central America from 1970 to 1999, and found that there were significant warming
trends in most of the region, and cooling trends in central Honduras and western Panama.

Global Climate and Earth System Models (ESMs) show that Central America is projected
to become distinctly drier in the future (Neelin et al. 2006), caused by higher temperatures and
lower precipitation (Biasutti et al. 2012). Increased extreme precipitation during tropical
cyclones is also expected (IPCC 2013). ESMs agree on higher temperatures over Central
America and reduced precipitation for northern parts of the region. However, the rainfall signal
over Southern Nicaragua and Costa Rica is uncertain and certainty increases for positive trends
in Panama (Imbach 2012; Hidalgo et al. 2016). ESM simulations suggest that there will be less
rainfall during the wet season (Biasutti et al. 2012), particularly in the north of the region
where the canicula will be longer and drier (Rauscher et al. 2008). More extreme rainfall
events and longer dry spells in the wet season are also projected in the northern part of the
region (Biasutti et al. 2012; Nakaegawa et al. 2013b). Although these models generally
represent current ENSO precipitation anomalies well, future trends are less certain, except
that ENSO events will be more frequent (Steinhoff et al. 2015).
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5 Forecasts in Central America

Fallas and Alfaro (2012a) developed predictive schemes of precipitation for the Pacific and
Caribbean slopes of the Central America Cordillera. They used indices from the preceding
bimester to predict the current season. They found that most of the variability in Central
America climate could be explained by the ENSO and the Atlantic Multi-decadal Oscillation
(AMO) indices. Fallas and Alfaro (2012b) used tropical Pacific SST in the previous trimester
to predict late-season precipitation on the Central America Pacific slopes. Maldonado et al.
(2013) found that the July tropical Pacific SST captures the ENSO and AMO phenomenon to
predict late-season precipitation over Costa Rica. If forecasts based on these relations were
made available to farmers, they would be able to support key on planting dates and what crops
to grow.

Alfaro (2000) found that ENSO-related indices were positively correlated with surface
temperature across all seasons (>50% detection and <10% false alarms). At decadal scales,
temperatures in Central America were positively correlated with both the Pacific and the
Atlantic SSTs. Fallas-López and Alfaro (2014) found that warmer than average SSTs in the
positive east equatorial Pacific were associated with warmer land air temperatures. The reverse
was also true.

The coarse resolution of global weather and climate observational datasets poorly capture
the complexity of Central America topography. Moreover, evaluation of the skill of CMIP5
ESMs showed great uncertainty in the depiction of mean and standard deviation of precipi-
tation (Hidalgo and Alfaro 2014). Although surface temperature showed better results, ESM
data should be used with care in Central America.

The performance of a few regional climate models have been assessed for this region
(Hernandez et al. 2006; Tourigny and Jones 2009; Karmalkar et al. 2011; Diro et al. 2012;
Nakaegawa et al. 2013a; Oglesby et al. 2016); however, there are a limited number of studies
with downscaled future climate scenarios (Karmalkar et al. 2011; Nakaegawa et al. 2013b).
The potential for improving recommendations for the regional agricultural sector with these
research developments in regional seasonal forecasts has been highlighted by García-Solera
and Ramirez (2012).

6 Agriculture in Central America

The economies of Central American countries have relied on agricultural exports since the
early 1900s, focused initially almost exclusively on bananas in the lowlands and coffee at
intermediate altitudes. By the late 1940s, sugar, beef and cotton were added to the portfolio,
increasing the resilience of national economies (Bulmer-Thomas 1987). In the 1970s, further
crops were added, such as temperate vegetables and soft fruits in the highlands, and tropical
fruits, such as mangos, melons, and pineapple in lower areas. Oil palm has expanded rapidly in
the last decade in lowland areas.

Coffee is the most important export product in Central America, with a value of $3.70B in
2011, which is more than bananas ($1.64B), sugar ($1.03B) and palm oil ($0.68B) combined
(FAO 2012). Maize and beans are the most important food staples. Sugarcane and bananas for
export are controlled by large companies, while basic grains and nontraditional products
(horticulture or fruits) are grown by smallholder farmers. Coffee is produced both by small-
holders and in large plantations. With the raised importance of nontraditional products in the
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export market, many smallholder farms were included into the export economy,
interconnecting the two types of agriculture (Krznaric 2006).

Food security mainly depends on maize, rice and beans (Espíndola et al. 2005). Beans are
grown throughout the region for domestic consumption, but commercially in two locations:
eastern Guatemala into El Salvador and from Yoro, Comayagua and Olancho in Honduras
through Nueva Segovia to Matagalpa in Nicaragua. Costa Rica and Panama grow beans, but
also import it from China. Rice is important in Nicaragua, Costa Rica and Panama, but less so
in Guatemala, El Salvador and Honduras. Maize is grown for domestic consumption across
Central America, while commercial production roughly coincides with the main bean-growing
areas of Nicaragua and Honduras. Maize is grown commercially in northern, southern coast
and in the east of Guatemala, and imports from the USA and Mexico complement local
production (Banco de Guatemala 2015).

7 Impacts of climate change on agriculture in Central America

Agricultural products from the region are sensitive to changes in climate and weather, both in
the field and throughout the value chain. Large losses in coffee suitability are projected for the
region (Baca et al. 2014; Bunn et al. 2015). Field crops are most sensitive to extreme weather
events (McSweeney and Coomes 2011). Pest and diseases affect all crops and are often driven
by climatic conditions, for example, when increased temperature shortens the life cycle of
pests (CATIE and CCAFS 2014). Climate-driven events such as flooding can also disrupt crop
harvest, processing and transport.

Drought impacts the largest number of crops, closely followed by increased precipitation
and floods. Woody fruit trees suffer lower impacts relative to subsistence crops (rice, sorghum
and beans) that suffer the largest impacts from droughts. Coffee, banana, rice, and highland
vegetables are likely to be affected by the largest variety of climate risks such as extreme
temperatures or wind damage (CATIE and CCAFS 2014). The results of modeling crop
suitability and yield in the region, including possible policy responses, are summarized in this
issue in Hannah et al. (2016a).

Higher ambient temperatures speed up the ripening of coffee berries, leading to poorer cup
quality. Moreover, high-value arabica coffee, especially the type for lucrative specialty mar-
kets, requires lower temperatures than the less valuable robusta coffee. Changes in temperature
and rainfall are expected to decrease the area suitable for coffee and effectively move
production up the altitudinal gradient to cooler climates (Ovalle-Rivera et al. 2015). At the
national scale, Costa Rica, El Salvador, and Nicaragua have the highest percentages of land
that will be most affected losing up to 40% or more in suitability by 2050 (Läderach et al.
2010). Areas currently growing arabica may therefore need to replace it with lower-value
robusta coffee, with cattle pasture, or with food crops. In this special issue, a quantification of
the impacts of climate change on coffee suitability and on the production of high quality
coffee, as well as the identification of an adaptation framework to guide adaptation planning,
are presented by Läderach et al. (2016).

The production cycle of coffee is highly dependent on rainfall patterns. Flowering is
triggered by the first rains of the rainy season, but if it becomes too dry or too wet, both
coffee flowers and fruits may dehisce or not grow to full size. Stunted fruits give smaller, low-
quality beans, which fetch lower prices. The incidence of pests and diseases can be also be
altered by changes in the seasonal patterns of rainfall (Avelino et al. 2015). Harvesting coffee is
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a major cost of production and erratic cycles of flowering and ripening require additional
harvests, which can increase costs. Reduced precipitation could also reduce the amount of
water available for post-harvest processing.

High temperatures, especially night temperatures above 18 °C, and increased droughts
predicted for the region will reduce growth and damage the reproductive stages of both maize
and beans. Therefore, improved soil management will be critical to enhance crop resilience
and minimize yield reductions under increased water stress. In Honduras, El Salvador and
Nicaragua, and in poor soil simulations, maize yields are expected to decline in more than 15%
by 2025 (Eitzinger et al. 2013). Beans are sensitive to drought stress and to high temperatures,
especially high nighttime temperatures, which reduce flowering and thus grain yield. By 2025,
bean production in Central America could be reduced by more than 20%. Nicaragua and
Honduras, the main bean-producing countries, can expect yield losses of 14%. El Salvador
will suffer a reduction of 7%, but Guatemala might increase its overall production because of
its highlands (Eitzinger et al 2013).

8 Central American biodiversity and ecosystems

The MesoAmerica Biodiversity Hotspot harbors an estimated 17,000 plant species, perhaps as
many as 5000 of which are endemic (Gentry 1982; DeClerck et al. 2010). The region’s
mammalian diversity counts 440 species, with 210 species and 3 genera as endemics (Myers
et al. 2000; DeClerck et al. 2010). Bird, reptile, amphibian and invertebrate diversity and
endemism are also high. These levels of diversity and endemism make the region a high
international conservation priority (Myers et al. 2000).

Ecosystems in the region include tropical moist forest, tropical dry forest, montane oak-
bamboo forest, montane pine-oak forests, high elevation conifer forest and coastal dunes
(Olson et al. 2001). Tropical moist and dry forests are the most widespread, but montane
forest types are common in most countries. Tropical moist forest extends throughout the region
from Guatemala to Panama. In some locations, the composition of this forest has been changed
by pre-European civilizations and indigenous peoples, enriching it with species that have
practical applications. Dry forests originally extended from southern Mexico to northern Costa
Rica (as well as isolates in Panama), but these forests are now highly fragmented and scarcely
protected (DeClerck et al. 2010).

Tropical moist forest is sensitive to drought and duration of dry period, which makes
climate change a particular concern for forest conservation in the region (Engelbrecht et al.
2007). Montane cloud forests are key sources of water, a function that may become more
critical if climate change is characterized by drying in the lowlands. Dry forests are heavily
fragmented in part because the difficulties of production in the water-poor corredor seco favor
extensive, rather than intensive land uses and because recovery from damage is slow (but not
impossible—see Janzen 1987).

9 Impacts of climate change on biodiversity and ecosystems

Climate change has already had profound impacts in the biodiversity and ecosystems of the
region, including perhaps the first recorded extinction due to anthropogenic climate change.
The golden toad (Incilius periglenes) disappeared from the forests of Monte Verde in Costa
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Rica in 1987. In prior years, the toad was cryptic most months but gathered in large,
conspicuous mating aggregations each year. The breeding aggregation consisted of only a
few individuals in 1986 and has never been recorded since. Scientists studying the extinction
have concluded that it was driven by dry periods associated with climatic change, which
allowed an invasive fungal pathogen to reach lethal abundance (Pounds et al. 1999). Other
amphibians are also impacted. Frogs in the genus Atelopus are disappearing throughout
Central America due to the same climate-linked disease mechanism (Pounds et al. 2006).
Pollinator species, which are very important in maintaining crop production in the region, will
also be impacted by climate change. In this issue, adaptation strategies to maintain pollinator
forest habitats, which can benefit smallholders as climate changes, are presented by Hannah
et al. (2016b), and Fung et al. (2016) show a methodology for identifying country-level
priority areas for biological corridors and biodiversity conservation areas as climate changes
in tropical regions.

Dry tropical forest in parts of the region are showing increases in deciduous species in response
to climate change (Enquist and Enquist 2011). The impacts of climate change on cloud forests have
major implications for both biodiversity and ecosystem services. Cloud forests in the region have
been projected to experience drying and loss due to lifting cloud bases. As surface air temperatures
rise due to climate change, models show altitude increases in cloud bases (Still et al. 1999). This
raising of cloud base reduces the amount of cloud contact with montane forests, drying the forests
and reducing water yield. Cloud bases may also rise due to lack of moisture inputs from the
lowlands, owing to deforestation and reduced evapotranspiration (Lawton et al. 2001). The
combination of land use change and climate change may therefore have serious consequences
for cloud forests and downstream water availability in the region. Previous studies, using
biogeography-equilibrium approaches, found reduced leaf area index of ecosystems in the region,
indicating a shift to drier vegetation types (Imbach et al. 2012). Results of a Regional Climate
Model simulations and its implications for tropical forests in the region are explored in this issue by
Lyra et al. (2016), the first regional study to our knowledge that uses dynamic vegetation models.

10 Climate change information

Existing climate information products in Central America do not usually include recommen-
dations on farm or ecosystem management (Bouroncle et al 2015). Information products in the
region are typically of a general nature without a specific time horizon and do not include
information for particular regions or crops (Bouroncle et al 2015). Such lack of information
saliency and usability are typical limitations of information products (Lemos et al. 2012). This
lack has been overcome, for example, in nearby Caribbean countries through boundary
organizations that guide information brokering to understand how sectors experience risks
associated to climate (Guido et al. 2016). For the limited but growing number of information
products in the region that specifically address agriculture or ecosystems, many lack interdis-
ciplinary approaches (Bouroncle et al. 2015). However, products that provide information to
support planting dates and selection of crop varieties now exist in the region (CATIE and
CCAFS 2014). This suggests that the situation may improve in the future.

Most of the climate information products do not employ feedback from the demand side
and there is a lack of assessments of the impacts that information products might have had on
decision making. There are typically weak interactions between data producers in universities
and on-farm users in the region, which are common barriers when the scale of information,
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such as that produced in climate change analyses, has broad geographic coverage (Lemos et al.
2012; Mase and Prokopy 2013). Many products are limited by lack of appropriate information
scale, use of language not tailored for the end-user, or ineffective mechanisms of information
diffusion (Bouroncle et al. 2015). In this issue, Donatti et al. (2016) address these topics by
examining the information that policy makers need in order to take action on climate change
adaptation in Central America and providing suggestions on how scientific and technical
information can be more frequently used in decision making.

11 Organizations supporting climate change adaptation in the region

Adaptation for agriculture, such as the implementation of agricultural technology and
improvement of extension services, is usually the responsibility of Ministries of Agri-
culture, while for ecosystems and species the responsible ministries are generally the
natural resources management agencies, such as Ministries of Environment. All countries
in the region have policies and laws for disaster risk management supporting their
initiatives. Private and public associations and extension services are important commu-
nication channels in Central America, and sustained funding for their partnerships could
increase the potential for successful use of climate information, a task that NGOs are
well positioned to lead (CATIE and CCAFS 2014). NGOs developing crop-specific
information products are usually related to large-scale farming, for example, the Private
Institute for Climate Change Research in Guatemala, which supports sugarcane pro-
ducers, and BANACLIMA, which supports banana growers in Costa Rica and provides
forecasts and alerts for extreme weather events.

There are also bodies that aggregate large numbers of producers such as the Regional
Cooperative Program for Technological Development and Modernization of Coffee, which
integrates the sector. Farm managers use the information to optimize aerial spraying, use of
fertilizers, nematicides and fungicides (see https://www.corbana.co.cr/categories/banaclima).
Similarly, the Guatemalan and Costa Rican National Coffee Associations operate a weather
station network to support their farmers (see examples at http://www.icafe.go.
cr/icafe/clima/clima.html and http://meteorologia.anacafe.org/).

Efforts also include participatory early warning systems in Nicaragua, Honduras, El
Salvador and Guatemala (CARE-ECHO project, http://care.org.hn/nuestras-
iniciativas/vigentes/care-echo-corredor-seco/). There is scant evidence in Central America on
the impacts of improved access to cellular telephones and the internet on information use by
smallholder farmers. Nevertheless, current cellular coverage does reach remote communities,
potentially providing a large number of users access to information that would help their
decision-making, and applications such as Cropster specifically target climate change-relevant
information. Recent advances in e-learning may also provide distance education for farmers in
how to manage climate risk (Stone et al. 2012).

Two mapping contributions to this special issue offer information valuable to these
organizations and their adaptation planning and communication activities. Bouroncle et al.
(2016) address the adaptive capacity and vulnerability of smallholder agricultural livelihoods
in four countries in the region at the municipality level. Holland et al. (2016) present an
innovative methodology, applicable in data-poor environments, for mapping the adaptive
capacity of smallholder farmers to climate change at the landscape level, using expert
knowledge.
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12 Contents of the special issue

Against this backdrop, the papers of this special issue explore aspects of climate change,
smallholder agriculture and ecosystems. As noted above, these contributions span cli-
mate science to climate change biology and agricultural adaptation. Observed climate
change is summarized by Hidalgo et al. as an introduction to climate change exposure in
the region. Modeling of climate change impacts on agriculture and ecosystems for the
region is summarized by Hannah et al., with indications that suitability for multiple key
crops in the region may decline. A more in-depth look at one of the most important crops
in the region—coffee—is presented by Läderach et al., and reinforces the view that
climate change may have negative consequences for agriculture in the region. The fine-
scale interaction of climate change with ecosystem services and smallholder agriculture
is addressed by Hannah et al., who suggest that careful strategies to maintain pollinators’
forest habitats can benefit smallholders as climate changes. Fung et al. examine conser-
vation planning for climate change and present a map of priorities for biodiversity
conservation and biological corridors within an existing protected areas network. The
results of a Regional Climate Model simulation and its implications for tropical forests in
the region are explored by Lyra et al., while Donatti et al. examine the information
policymakers need in order to plan viable climate adaptation responses for Central
America. The adaptative capacity of smallholder farmers is addressed in Bouroncle
et al., who map adaptive capacity and vulnerability of smallholder agriculture livelihoods
in the region, as well as by Holland et al., who present an innovative methodology to
assess adaptive capacity in data-poor environments.
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